Impairments in cognitive control-the ability to exert control over thoughts and actions and respond flexibly to the environment-are well-documented in schizophrenia. However, the degree to which experimental task performance reflects true cognitive control impairments or more general alterations in effort, arousal and/or task preparedness is unclear. Pupillary responses can provide insight into these latter factors, as the pupil dilates with degree of cognitive effort and response preparation. In the current study, 16 medicated outpatients with schizophrenia (SZP) and 18 healthy controls performed a task that measures the ability to reactively inhibit and modify a planned action-the double-step task. In this task, participants were required to make a saccade to a visual target. Infrequently, the target jumped to a new location and participants were instructed to rapidly inhibit and change their eye movement plan. Applying a race model of performance, we have previously shown that SZP require more time to inhibit a planned action. In the current analysis, we measured pupil dilation associated with task preparation and found that SZP had a shallower increase in pupil size prior to the onset of the trial. Additionally, reduced magnitude of the pupil response was associated with negative symptom severity in patients. Based on primate neurophysiology and cognitive neuroscience work, we suggest that this blunted pupillary response may reflect abnormalities in a general orienting response or reduced motivational significance of a cue signifying the onset of a preparatory period and that these abnormalities might share an autonomic basis with negative symptoms.
Introduction
Cognitive control, the ability to control thoughts and actions and respond flexibly to the environment, is impaired in individuals with schizophrenia and those at risk for this condition. These impairments are present before the first psychotic episode and during remission. Given the central role of cognition in functional outcome (Green, 1996) , it is of great importance to elucidate the causal mechanisms underlying cognitive control deficits in order to develop targeted interventions.
In recent years, the countermanding, or stop-signal task, has been used to investigate the online recruitment of control processes in response to some external event (Lappin and Eriksen, 1966) in individuals with schizophrenia. This task comprises randomly interleaved GO and STOP trials, in which the participant must make a response to a stimulus (GO trials), unless a signal is presented at some short delay following the GO stimulus (STOP trials). On these STOP trials, participants must reactively suppress (and in a variant of the task, change) their response. Based on a model of task performance, the time needed to inhibit a response, referred to as stop-signal reaction time (SSRT) or target-step reaction time (TSRT), can be estimated. Longer SSRT/TSRT in schizophrenia has been shown in oculomotor (Thakkar et al., 2011; Thakkar et al., 2015a Thakkar et al., , 2015b and manual tasks Ethridge et al., 2014; Fortgang et al., 2016; Huddy et al., 2009; Hughes et al., 2012; Lipszyc and Schachar, 2010; Matzke et al., 2017; Nolan et al., 2011; Yun et al., 2011) . These findings may indicate inefficient reactive control over actions in schizophrenia. However, existing evidence does not disambiguate whether longer SSRT/TSRT indeed arises from a specific impairment in the online inhibition or alteration of a prepared action, or from a more general reduction in task preparation that would be associated with lowered alertness or arousal before any https://doi.org/10.1016/j.ijpsycho.2018.03.012 Received 29 September 2017; Received in revised form 30 January 2018; Accepted 19 March 2018 task demands are even placed. One way of gauging this latter factor is to measure the pupillary response to a signal that announces the impending onset of task demands, because the extent to which the pupil dilates in response to a given stimulus has been shown to be associated with the degree of cognitive effort and arousal elicited by that stimulus (reviewed in Einhäuser, 2017) . In other words, pupil size modulation to a signal that announces the impending task can provide an objective and quantitative window into the general level of cognitive effort put towards task preparation.
There is a rich literature describing reduced pupil dilation during cognitive processing in schizophrenia, particularly as task demands increase (Fish and Granholm, 2008; Granholm et al., 1998; Granholm et al., 2009; Granholm et al., 2000; Granholm et al., 1997; Granholm et al., 2016; Granholm and Verney, 2004; Granholm et al., 2007; Karatekin et al., 2010; Morris et al., 1997) . Such abnormal pupillary responses in schizophrenia are correlated with negative symptoms (Granholm et al., 1998; Granholm et al., 2007) -those symptoms that are characterized by interpersonal and affective impairments (e.g., anhedonia and avolition) and contribute to poor social and occupational functioning. However, recent work has additionally revealed pupil dilation during the preparation to exert willful control over actions, and very little is known about potential abnormalities in these preparatory pupil dilations in schizophrenia. Some evidence for preparatory pupil dilation in healthy observers comes from , who measured pupil size changes during an antisaccade task. Here participants were instructed prior to the onset of a visual stimulus whether to generate a saccadic eye movement towards the stimulus (prosaccade) or in the opposite direction to the stimulus (antisaccade). These authors found that pupil dilation in response to this instruction was greater in preparation for making antisaccades, in which a prepotent response must be suppressed, versus prosaccades. In addition, larger pupil dilations were followed by faster saccades.
Here we investigated pupil modulation during the preparatory period of an oculomotor countermanding task variant in individuals with schizophrenia and healthy controls by performing a re-analysis of a dataset from which we have previously published (Thakkar et al., 2015; Thakkar et al., 2015b) . In this task, termed the double-step task, participants have to reactively inhibit and change a prepotent saccadic eye movement. We have previously reported performance deficits in people with schizophrenia on this task. Our hypotheses for the current study were as follows. First, we hypothesized that increased pupil dilation in response to a signal that announced the impending onset of a task would be related to an improvement on performance measures both within individuals (inhibition success and performance speed) and between individuals (TSRT) in both groups. Second, we hypothesized that this pupil dilation would be reduced in patients compared to controls, and that this reduction would be related to negative symptom severity. As an exploratory analysis, we also related pupil dilation to social functioning in patients. Findings from the current study have potential implications for understanding whether the well-replicated deficits in reactive control in schizophrenia are specific or instead rooted in a generalized impairment in, for example, arousal, preparedness or effort allocation.
Methods and materials

Participants
Demographic information is presented in Table 1 . Individuals who met DSM-IV criteria for schizophrenia (SZP) were recruited from outpatient psychiatric facilities in Nashville, TN. Diagnoses were confirmed using structured clinical interviews (SCID-IV; First et al., 1995) . All patients were taking antipsychotic medication, and half of the patient sample was also medicated with antidepressants, anxiolytics, mood stabilizers, or a combination thereof. Detailed medication status of patients is provided in Table 2 . Healthy, unmedicated control subjects (HC) without a personal and family history of DSM-IV Axis-I disorders were recruited from the same community by advertisements.
Clinical symptoms were assessed with the Brief Psychiatric Rating Scale (BPRS; Overall and Gorham, 1962) , Scale for the Assessment of Positive Symptoms (SAPS; Andreasen, 1984) , and Scale for the Assessment of Negative Symptoms (SANS; Andreasen, 1983) . We were particularly interested in the relationship between pupil dynamics and negative symptoms, based on previous studies. To examine this construct in greater detail, three scales were derived based on a previous factor analytic study of the SANS (Peralta and Cuesta, 1999) : Poverty of Affect and Speech (items 1-5, 7, 9-10), Social Dysfunction (items [15] [16] [18] [19] [20] [21] , and Inattention (items: 11-12, 23-24). We could not derive these subscale scores for one participant as individual item scores were unavailable. Social and occupational functioning was assessed with the Social Functioning Scale (SFS; Birchwood et al., 1990) , validated in schizophrenia, that assesses seven areas: social engagement, interpersonal communication, frequency of daily living activities, competence of daily living activities, recreational activities, social activities, and occupational activity. Raw scores were standardized (mean = 100, s.d. = 15) based on normative data from patients with schizophrenia. IQ was measured with the North American Adult Reading Test (NAART; Blair and Spreen, 1989) . Handedness was assessed using the Modified Edinburgh Handedness Inventory (Oldfield, 1971) . In patients, chlorpromazine (CPZ) equivalent dosages of antipsychotic medication were calculated (Woods, 2003) .
Exclusion criteria included meeting DSM-IV criteria for substance abuse or dependence within the previous six months, history of neurological disorder, history of head injury, inability to fixate that resulted in poor calibration of the eye tracker, and excessive sleepiness that resulted in an inability to track the eyes. All participants were native English speakers and had normal or corrected-to-normal vision. Three patients were excluded based on task performance, as outlined in the Statistical Methods section, and one patient chose to abort the experiment. Analyses were conducted on the remaining 16 SZP and 18 HC. Groups were matched for age, sex, and handedness. All areas of the SFS were reduced in SZP, except the Independence-Performance and Independence-Competence scales, which assess the frequency and competence of daily living activities, respectively (Table 1 ). All subjects gave written informed consent approved by the Vanderbilt Institutional Review Board and were paid.
Apparatus and stimuli
Eye position and pupil diameter was monitored using the EyeLink II eyetracker (SR Research, Canada) at a sampling rate of 500 Hz with average gaze position error < 0.5°, noise limited to < 0.01°RMS. Saccades were detected on-line using a velocity criterion (35°/sec) and minimum amplitude criterion (2°visual angle). Subjects were seated 57 cm from the monitor with their head in a chinrest. All participants were tested under the same lighting condition (i.e. no sources of light except for the computer monitor).
Design and procedure
Double-step task
Subjects performed the saccadic double-step task ( Fig. 1 ), which comprised randomly interleaved no-step (60%) and step trials (40%). No-step trials required subjects to fixate on a central spot (white square subtending 0.5°) until it disappeared (after a random 500-1000 ms delay) and a target (T1), subtending 1°, flashed for 94 ms at one of eight positions 12°equidistant from fixation. Subjects were instructed to look at the target as quickly as possible.
Step trials were initially identical to the no-step trials, but after a variable delay (target step delay; TSD) following T1 presentation, a second target (T2) flashed for 94 ms at a new location.
1 T1 and T2 were separated by either 90°or 135°. The target step instructed subjects to inhibit a saccade to T1 and instead look towards T2 as quickly as possible. Saccades that exceeded 2°am-plitude and were within 45°polar angle around the vector from the fixation point to the first target were classified as directed towards T1. Likewise, saccades that exceeded an amplitude of 2°visual angle amplitude and were within 45°polar angle around the vector from the fixation point to the second target were classified as directed towards T2.
Step trials were labeled compensated or noncompensated based on whether subjects succeeded or failed to look immediately at T2, respectively. T1 and T2 were different isoluminant colors (cyan and magenta, 2.06 cd/m 2 ), facilitating detection of target order. Color mapping was counterbalanced across subjects. Targets were presented on a black background and a three-stop neutral density filter covered the monitor to reduce stray light.
Response inhibition and redirection become more difficult with increasing TSDs. TSDs were dynamically adjusted using two independent, interleaved tracking procedures, 2-up/1-down (converging near 71% successful inhibition) and 1-up/2-down (converging near 29% successful inhibition). This procedure ensures successful inhibition on approximately 50% of the step trials, but makes the TSD on any given trial less contingent on the previous trial than a 1-up/1-down procedure. Initial TSD was 94 ms. If a particular step trial was part of the 2-up/1-down staircase, TSD increased by 47 ms if the previous two step trials that were part of that staircase were compensated and decreased by 47 ms if the previous step trial in that staircase was noncompensated. Otherwise, the TSD was held constant. Likewise, for trials that were part of the 1-up/2-down staircase, TSD increased by 47 ms if the previous step trial was compensated, decreased by 47 ms if the two previous step trials were noncompensated, and was otherwise held constant.
Prior to the onset of each trial, a drift correct procedure was performed. A white annulus was presented centrally and participants were required to fixate the stimulus and press the space bar. If the eye position exceeded a maximum distance from the central annulus, the drift correct procedure was repeated. If the drift correct procedure failed a second time, the experimenter was prompted to perform the calibration routine. Groups did not differ on the number of repetitions of the drift correct procedure across the experiment (HC: mean = 23.2, s.d. = 22.1; SZ: mean = 28.3, s.d. = 30.3; t(32) = 0.56, p = 0.58). With regard to recalibration, there was only one participant that required recalibration during the course of the run, and this only occurred during one run. Participants performed a practice block of 60 trials, and 4 experimental blocks of 120 trials each. Adjustments of the pupil threshold could be made between, but not within, experimental blocks.
Double-step task performance evaluation
Performance was evaluated through measurements of reaction times (RTs) on no-step, compensated, and noncompensated trials, and TSDs to arrive at two main outcome measures relevant to the current analysis: 1) the speed of response execution; and 2) the speed of response inhibition; Performance in this task can be accounted for by a mathematical model that assumes a race between independent processes that generate a response to T1 (GO1 process) and inhibit (STOP process) the T1 response (Boucher et al., 2007; Camalier et al., 2007; Logan and Cowan, 1984; Logan et al., 2014; Ramakrishnan et al., 2012) . The saccade to T1 is executed or inhibited if GO1 or STOP wins the race, respectively. The speed of response execution can be measured directly from observable RTs. RTs on no-step and non-compensated trials were defined as the time between T1 onset and the onset of the first saccade. RTs on compensated trials were defined as the time between the onset of T2 and the first saccade.
On the other hand, the speed of response inhibition must be estimated. The independent race model provides an estimate of the time needed to respond to T2 and cancel the initially planned movement, referred to as the target step reaction time (TSRT). This measure is analogous to stop signal reaction time (SSRT) in the countermanding task. TSRT was calculated using the integration method (Verbruggen et al., 2013) by sorting no-step RTs and finding the RT corresponding to the proportion of noncompensated trials. Then the mean TSD was subtracted from this RT.
Pupillary response analysis
As described above, each trial was preceded by the participant's key press that formed the end of a successful drift correction procedure and that instantly triggered an on-screen change from the drift-correction annulus to the task's initial central spot, which indicated to the participant that the next trial had started. We observed reliable pupil dilations associated with this event. Because pupil size is confounded with eye position when using video based eye tracker, we were only interested in the initial 500-1000 ms of this dilation, which preceded the appearance of any target. Trials in which subjects blinked or made a saccade during this interval were excluded from further analysis. The percentage of excluded trials did not differ across groups (HC: mean = 12.6%, s.d. = 15.6%; SZP: mean = 15.6%, s.d. = 20.3%; t (32) = 0.49, p = 0.63).
In other words, our measure of interest was the change in pupil size during the fixation period that immediately followed an event that indicated a new target would soon appear, but before the target was actually presented. The duration of event-triggered pupil dilation is such that their peak lies outside of the 500-1000 ms fixation window reliably measured by our procedure, so we do not report dilation amplitude itself. Instead, we relied on the fact that event-triggered pupil dilations are stereotyped, such that responses of various amplitudes can be closely approximated by applying various y-axis scalings of the same basic shape (de Gee et al., 2014; Hoeks and Levelt, 1993; Knapen et al., 2016) . Accordingly, the steepness of the slope over a given time window early during the response is highly indicative of eventual response amplitude, and will serve as our index of the size of the pupil response. Specifically, we characterized the pupil response for each trial in terms of the proportion pupil size change per unit time (i.e. pupil proportion change scores), as measured across the 500-1000 ms fixation window. To obtain this rate of proportional pupil change, for each sample, we subtracted the mean pupil measure across the first 100 ms of the fixation period and then divided by that same baseline pupil measure. Fixation windows for each trial were divided into 10 ms bins, and the pupil proportion change scores were averaged across each bin. Then, for each bin, we averaged the mean pupil proportion change score across different trial types, arriving at an average time course of pupil size over the fixation window for each subject for a given trial type. For each subject, a line was fit to this time course for each trial type, and the slope parameter was extracted. This measure represented the change in pupil size for each subject for a particular trial type. This slope measure, then, served as our measure of the pupil response for each subject for a particular trial type.
Trials were separated in three ways. First, we separated trials into no-step, compensated, and non-compensated trials to examine whether pupil modulation differed across trial types. Second, we separated trials into noncompensated and compensated trials that were matched on TSDs. Because compensated and noncompensated trials differ in their difficulty (i.e. subjects are more often successfully able to compensate for the initial saccade when TSDs are short), the average TSD for compensated trials will typically be shorter than for noncompensated trials. Thus, to make a more valid assessment of whether pupil modulation is different on trials when subjects successfully inhibit versus those when they do not, we derived a subset of compensated and noncompensated trials that were matched for difficulty (i.e. TSD) and derived the slope of the pupil response for each of these trial types. To do this, we sorted compensated and noncompensated trials by TSDs. Then, using an iterative procedure, we made subsets of compensated and noncompensated trials based on TSD. Specifically, we took the noncompensated trial with the shortest TSD and the compensated trial with the longest TSD and added them to those matched subsets of trials. If the average TSD on the subset of matched compensated trials was longer than the TSD on the subset of matched noncompensated trials, the process continued until the mean TSD for the subset of matched noncompensated trials was greater than the mean TSD for the subset of matched compensated trials. Finally, to examine the relationship between pupil modulation and response speed, we performed a median split on no-step latencies and separated no-step trials into fast and slow responses and computed the slope of the pupil response for each of these two trial types.
Because the slopes of the pupil responses were non-normally distributed, slopes were log-transformed prior to statistical analyses. To accommodate negative slopes a constant value was added to the slope prior to transformation.
Statistical methods
Fisher's exact tests, independent t-tests, and repeated measures ANOVAs were used where appropriate. Spearman rank-correlation coefficients were used to evaluate the association between clinical symptoms, social functioning, and pupil measures in SZP patients. All tests were two-tailed except where noted. Subjects were excluded if the adaptive tracking procedure in the double-step task was ineffective, defined by a proportion of successfully inhibited responses lying outside a 95% binomial confidence interval around p = 0.5.
Results
Double-step task performance
Double-step task performance was reported in Thakkar et al. (2015b) . Descriptive statistics are presented in Table 3 and analyses are re-presented below.
Probability of inhibition
The dynamic tracking procedure was successful. The mean percentage of noncompensated trials was 48%, and results from an independent samples t-test indicated that there was no group difference (t (32) = 0.01, p = 0.99). Fig. 1 . Modified double-step task. Each trial began with a drift correct procedure. Subjects fixated an annulus and pressed the space bar. Successful drift correction initiated the onset of a variable fixation period between 500 and 1000 ms. The pupil response was measured during this period. Following fixation offset, a target (T1) flashed at a non-central location, and subjects were instructed to saccade to the target as quickly as possible. On step trials, a second target (T2) was flashed at an alternate location at some delay following T1 (target step delay; TSD). On these trials, subjects were instructed to inhibit the planned saccade to T1 and instead redirect gaze towards T2. Trials in which subjects were successful in looking immediately at T2 were referred to as compensated, and trials in which participants erroneously looked first towards T1 were referred to as noncompensated. On the majority of noncompensated trials, subjects made a second corrective saccade to T2. The probability of correctly compensating becomes more difficult with longer TSD; thus, TSD was dynamically altered using a staircase procedure to ensure approximately 50% accuracy on redirect trials. 284 (58) 349 (86) TSRT (ms) 131 (37) 163 (57) K.N. Thakkar et al. International Journal of Psychophysiology 128 (2018) 111-118 3.1.2. Speed of response execution The effect of trial type (no-step, noncompensated, compensated) on median RT of the first saccade was assessed using a repeated measures ANOVA with diagnostic group as a between-subjects variable and trial type as a within-subjects variable. There was a significant effect of trial type (F(2,64) = 11.67, p < 0.0001). Noncompensated RTs were faster than no-step RTs (t(33) = 8.2, p < 0.0001), consistent with race model predictions (Logan and Cowan, 1984) , and compensated RTs (t (33) = 4.8, p < 0.0001). There was no difference between compensated and no-step RTs (t(33) = 1.6, p = 0.11). There was no main effect of group (F(1,32) = 2.5, p = 0.13); however, there was a significant group-by-trial type interaction (F(1,32) = 6.0, p = 0.004). Planned comparisons indicated longer compensated RTs in SZP patients (t (32) = 2.6, p = 0.01) but no significant group differences in no-step (t (32) = 1.0, p = 0.31) or noncompensated (t(32) = 1.48, p = 0.59) RTs. RTs in SZP were only slowed when required to first inhibit a saccade and then redirect gaze.
TSRT
Given previous findings of longer SSRT in schizophrenia using an oculomotor countermanding task (Thakkar et al., 2011) , TSRT was compared across groups using a one-tailed independent samples t-test. SZP had significantly longer TSRT than HC (t(32) = 1.96, p = 0.03).
Pupil modulation
The effects of trial type (no-step, noncompensated, compensated) and group on the slope of the pupil response were assessed using a repeated measures ANOVA. There was a significant effect of group, with the slope of the pupil response being shallower in SZP ( Fig. 2; F (1, 32) = 4.74, p = 0.04). There was no significant effect of trial type (F (2,64) = 0.12, p = 0.89) or trial type-by-group interaction (F (2,64) = 0.62, p = 0.53).
The effects of trial outcome and group on the pupil response were assessed using a second repeated measures ANOVA, by including trial outcome (TSD-matched compensated and noncompensated trials) as a within-subjects variable. There was no effect of trial outcome (F (1,32) = 0.003, p = 0.96), nor a group-by-trial outcome interaction effect (F(1,32) = 0.31, p = 0.59).
Finally, the effect of saccade latency and group on the slope of the pupil response was assessed using a third repeated measures ANOVA, by including no-stop trial latency type (slow, fast) as a within-subjects variable. There was no effect of latency type (F(1,32) = 0.20, p = 0.66), nor a group-by-latency type interaction effect (F (1,32) = 2.87, p = 0.10).
We conducted two control analyses to help disambiguate the cause of group differences in pupil dilation. First, the observed dilation of the pupil size locked to the onset of the inter-trial interval could reflect changes in visual input caused by the appearance of the fixation cue. Indeed, both reduced diameter of the dark-adapted pupil and a reduced pupil luminary response have been shown in an older body of psychophysiology studies in schizophrenia (reviewed in Buchsbaum, 1977) . Since the onset delay of the pupillary light response is approximately 200 ms (Barbur, 2004) , we would expect that group differences in the rate of pupil dilation would emerge only after 200 ms if the pupil light response were driving the effect. To address this issue, we divided the fixation window into five 200 ms intervals and calculated the slope of the pupil size change within each of these intervals for each subject. We then conducted a mixed model ANOVA on these logtransformed slope parameters, using interval as a within-subject factor and group as a between-subject factor and performing a GreenhouseGeisser adjustment of degrees of freedom. Importantly, there was no significant group-by-interval interaction (F(2.2,69.7) = 0.39, p = 0.70), indicating that group differences in the rate of pupil dilation did not vary significantly across time.
3.3. Correlations between symptoms, social functioning, performance, medication, and change in pupil size First, we examined the relationship between the pupil response and symptom severity (SAPS, SANS, and BPRS scores) using Pearson correlation coefficients. Since pupil modulation did not significantly differ across trial types, all correlations were performed using the slope of the pupil response collapsed across all trials. Pupil modulation was significantly correlated with total SANS score, once a bivariate outlier who fell outside a 99% density ellipse was removed from the analysis (without outlier: r s = −0.76, p = 0.001; with outlier: r s = −0.45, p = 0.08); patients with more severe negative symptoms showed a shallower increase in the pupil response during fixation (Fig. 3) . We additionally examined correlations between the three SANS scales and pupil modulation. Pupil dilation rate was significantly negatively related to scores on the Social Dysfunction scale, which assesses anhedonia, apathy, asociality, and asociality (without outlier: r s = −0.71, p = 0.004; with outlier: r s = −0.52, p = 0.05). There was no relationship between pupil dilation rate and either the Poverty of Speech and Affect (without outlier: r s = −0.21, p = 0.47; with outlier: r s = 0.02, p = 0.95) or Inattention (without outlier: r s = −0.44, p = 0.11; with outlier: r s = −0.18, p = 0.51) subscales. Additionally, there was no relationship between pupil modulation and either SAPS (r s = −0.03, p = 0.91) or BPRS scores (r s = −0.36, p = 0.17). Second, we examined the relationship between pupil modulation and social functioning. Greater increase in the pupil response was associated with significantly higher scores on the Independence-Performance scale of the SFS, which assesses the frequency of daily living activities (r s = 0.65, p = 0.007) and, at a trend level, higher scores on the Recreation scale (r s = 0.48, p = 0.06). There were no significant correlations between the slope of the pupil response any of the other SFS subscales (all p's > 0.1). Third, we examined the relationship between pupil modulation and task performance across subjects, as indexed by TSRT. There were no significant correlations between the slope of the pupil response and TSRT in either SZP (r = 0.05, p = 0.85) or HC (r = 0.19, p = 0.44). Finally, to address potential medication confounds, we also correlated pupil modulation with CPZ dosages. There was no significant relationship between normalized medication dose and the slope of the pupil response (r = 0.15, p = 0.63).
Discussion
Within the context of cognitive-based pupil motility, the bulk of the existing literature in schizophrenia has focused on periods of effortful cognitive performance across various different experimental paradigms. This rich body of literature shows reduced pupil dilations in schizophrenia, particularly as processing demands increase (Fish and Granholm, 2008; Granholm et al., 1998; Granholm et al., 2009; Granholm et al., 2000; Granholm et al., 1997; Granholm et al., 2016; Granholm and Verney, 2004; Granholm et al., 2007; Karatekin et al., 2010; Morris et al., 1997) . These findings have been interpreted as reflecting abnormalities in cognitive processing due to insufficient information processing resources or inappropriate allocation of attention and/or effort. The relationship between reduced pupil dilation and clinical status is inconsistent; although a handful of studies have reported correlations between negative symptom severity and defeatist beliefs and reduced pupil dilation (Granholm et al., 1998; Granholm et al., 2016; Granholm et al., 2007) . The results of the current study replicate and extend existing findings by showing that reduced pupil dilations are evident in schizophrenia even as the participant prepares to engage in a cognitively demanding task and are correlated with negative symptoms, specifically those related to apathy, anhedonia, and asociality, and with social functioning.
Consistent with predictions, we observed that pupil size increased across the inter-trial interval of a countermanding task variant in both HC and SZP. However, SZP had a shallower increase in pupil size, which was related to negative symptom severity and some aspects of social functioning. Despite these clinically relevant observations, we did not observe any significant relationships between pupil modulation and behavior, as pupil modulation did not predict speed of inhibiting and redirecting an eye movement.
In interpreting the current findings, we consider two possible causes of pupil dilation during the fixation interval. First, dilation could be related to the preparation for the upcoming eye movement task. Second, dilation could be related to the key press that immediately preceded the pupil measurement interval on each trial. We discuss both of these options in turn.
With regard to the first interpretation, pupil dilation has been found to reflect preparatory activity related to the preparation of a saccadic eye movement, preparation to exert control over a prepotent saccade, or both-an idea that has received support from a study using the antisaccade task in healthy human subjects . These preparatory pupil dilations are argued to be a correlate of the known preparatory responses, and general orienting and attentional control functions, of neurons in the superior colliculus (SC) and frontal eye fields (FEF). These SC and FEF neurons play a crucial role in the execution and control of eye movements and are also nodes in a pupil control circuit (Ebitz and Moore, 2017; Gandhi and Katnani, 2011; Lehmann and Corneil, 2016; Wang et al., 2012; Munoz, 2014, 2015) . An argument against an interpretation of pupil dilations in this context in the present study, is that we found no relationship between pupil dilation and measures of gaze control. A previous study also found no such relationship between countermanding task performance and pupil dilations prior to onset of the GO signal, although these results are unpublished (see Fig. 6 in Chambers et al., 2006) . One possible explanation for this lack of a relationship is that participants in these paradigms have no way to know whether or not they will have to exert cognitive control in order to alter a prepared eye movement. Accordingly, the reduced pupil dilation in schizophrenia that we observed may correspond to a more general reduction of preparation, to move the eyes, exert voluntary control over the eyes, or both. Within this conceptualization of the current findings, the correlation between pupil dilation and negative symptoms would suggest that these symptoms may reflect a general disturbance in the preparation to act-consistent with the longstanding notion that they reflect a disorder of willed activity, which reflects in part the inability to link goals with the actions required for their initiation (Frith, 1992) .
With regard to the second interpretation, the pupil dilation could be related to the key press that validates fixation and initiates the trial. There is widespread evidence for pupil dilations associated with stimulus-driven motor responses (Aston-Jones and Cohen, 2005; Richer and Beatty, 1987) . In these cases, transient pupil responses and phasic activity of the locus coeruleus (LC) are used interchangeably due to their tight relationship (Aston-Jones and Cohen, 2005; Murphy et al., 2014) . One interpretation of the pupil response accompanying these stimulus-driven motor responses is that it has to do with the decision process leading up to the action (de Gee et al., 2014) . Indeed, negative Fig. 3 . Relationship between the pupil response and severity of negative symptoms, indexed by SANS total score and three subscale scores: Social Dysfunction, Poverty of Speech and Affect, and Inattention. K.N. Thakkar et al. International Journal of Psychophysiology 128 (2018) 111-118 symptoms have been associated with abnormal effort-based decisionmaking. Schizophrenia patients-particularly those with more severe negative symptoms-are less willing to expend effort (Barch et al., 2014; Docx et al., 2015; Fervaha et al., 2013; Gold et al., 2013; McCarthy et al., 2016; Treadway et al., 2015) . These findings suggest that they may overestimate the cost of effortful actions, which leads to avolition. One caveat regarding an interpretation of pupil dilations in our experiment in the context of the associated key presses is that these key presses did not lead to any reward. In many cases, whether a key press is associated with pupil dilation and phasic LC activity depends on whether the key press leads to a reward. We do not wish to altogether rule out an interpretation in terms of key presses, however, because phasic LC activity has been observed even in the absence of reward (e.g. Clayton, 2004) . In those cases, it has been suggested that the promise of potential future reward, rather than immediate reinforcement, can explain the phasic LC activity.
The findings of the current study should be interpreted in light of several limitations. Most importantly, all patients were using antipsychotic medications, which have anticholinergic properties that can influence pupil size. Indeed, haloperidol and chlorpromazine lead to smaller pupil diameter in both healthy individuals and patients with schizophrenia (Sakalis et al., 1972; Smolen et al., 1975b; Smolen et al., 1975a) . However, we did not observe any relationship between the rate of pupil dilation and normalized medication dose. Nevertheless, future studies should investigate pupil motility in a population of unmedicated patients. Second, we cannot temporally dissociate pupil dilations associated with the key press to confirm calibration validity, preparation to engage in the task, and the change in visual input, which obscures a more precise interpretation. Third, this study comprises a relative small sample size. Although we did observe group differences in pupil dilation rate that correlated with symptom severity, we may have been underpowered to detect relationships between pupil dynamics and task performance.
In conclusion, the results of the current study indicate a reduced pupil response in schizophrenia patients during the preparation to act, which is strongly associated with negative symptoms. This reduced response may reflect abnormalities in a general orienting response or reduced motivational significance of the cue signifying the onset of a preparatory period thought to be driven by LC activity. These findings additionally suggest that dysfunction in these processes, and their underlying neural mechanisms, may underlie the debilitating negative symptoms of the illness. Given the relative ease of measuring pupil responses, as opposed to more direct brain measures (e.g. EEG and fMRI), pupillometry may have real and immediate clinical utility (Graur and Siegle, 2013) as an illness biomarker.
